Introduction {#s0001}
============

It is now clear that host innate and adaptive immune responses against neoplastic disease are critical determinants of patient outcome.[@cit0001] Regarding the myeloid response in cancer, high macrophage infiltration has been tied to a poor prognosis.[@cit0002] The field of cancer biology has largely focused on the role of tumor-associated macrophages (TAMs), which are recruited to tissues as inflammatory monocytes in response to tumor- or stromal-derived chemotactic factors such as CCL2^6^ and CSF-1.[@cit0007]^,^[@cit0008] In cancer settings, TAM products can facilitate tumor progression to metastasis[@cit0009] via various mechanisms, both immune system-dependent and --independent, such as immune suppression and tumor angiogenesis, respectively.[@cit0010] However, an increasing number of studies suggest that TAMs are heterogeneous and can possess pro- or antitumor roles in response to the inflammatory composition of the tissue microenvironment. For example, IFN-γ stimulates macrophage production of immune-activating cytokines, such IL-12, facilitating CD8^+^ cytotoxic T cell differentiation and effector function.[@cit0011] In contrast, in response to IL-4 and/or IL-13, macrophages produce immune suppressive factors, such arginase-1, IL-10 and TGF-β, which antagonize T cell activation and function.[@cit0012]^,^[@cit0013]

In addition to macrophages derived from circulating monocytes, tissue-resident macrophages reside within tissues or organs. The role that these tissue-resident macrophages play in neoplastic progression is less understood. This is important, as common metastatic sites such as the lung, liver and brain have specific tissue-resident macrophage populations.[@cit0014] In contrast to TAMs, tissue-resident macrophages are yolk-sac-derived and self-populate within tissues.[@cit0015]^,^[@cit0016] Due to their existence in tissues prior to the arrival of tumor cells, it is thought that these cells are receptive to circulating tumor-derived factors (TDFs)[@cit0017]^,^[@cit0018] and act to condition tissues for tumor colonization and proliferation via various mechanisms.[@cit0019] Despite accumulating evidence for a role of tissue-resident macrophages in metastasis,[@cit0020]^,^[@cit0021] the TDFs that influence their biology are largely unknown. Moreover, the contribution of tissue-resident macrophages to neoplastic progression and their impact on patient outcome remains unclear.

TDFs within the inflammatory microenvironment can dictate the invasive potential of tumors and may do so at least in part by engaging or mobilizing macrophages,[@cit0022] as noted earlier. One such TDF, thymic stromal lymphopoietin (TSLP), has recently been identified in human and mouse cancers[@cit0023]^,^[@cit0024] including mammary carcinoma,[@cit0025] although its precise role in these cancer settings remains elusive. Earlier studies revealed a role for TSLP in promoting primary tumor growth, but did not investigate how TSLP influenced the metastatic process. Conversely, other work showed that TSLP plays an antitumor role, especially early in tumorigenesis,[@cit0026] suggesting that its action in cancer settings may be context-dependent. These divergent studies support a need for further investigation of TSLP in tumor biology.[@cit0027]

In mouse models of lung disorders, such as allergy, TSLP enhances CD4^+^ T~h~2 cell, as well as M2-like macrophage, responses. Furthermore, TSLP is upregulated in the lung during episodes of asthma, suggesting that immune cells in the lung may be poised to respond to TSLP and play key roles in tissue pathology. The observations that TSLP has been tied to type-2 immunity in the lung[@cit0028] and that type-2 immunity has been broadly linked to tumor progression,[@cit0029] suggest that TSLP may contribute to lung disease processes, such as lung tumor growth or metastasis. Moreover, the impact of TSLP on macrophage function in cancer, and tissue-resident macrophages more precisely, has not yet been investigated. Thus, we hypothesized that TSLP enhances lung metastasis or colonization by rendering the tissue-resident alveolar macrophage (AM) population pro-tumorigenic.

Altogether, our findings demonstrate a novel TSLP/AM macrophage axis that potentiates lung tumor metastasis and colonization. The gene expression profile of TSLP-exposed AMs *in vitro* and *in vivo* is highly consistent with a phenotype supportive of increased tumor growth and metastasis. With the knowledge that the immune response is critical to patient outcome, immunotherapy is on the forefront of cancer research. Our work supports the notion that in cancers whereby TSLP is produced, TSLP blockade may serve as a unique approach to 'rescue' the macrophage response and improve therapies that require an intact myeloid system.

Results {#s0002}
=======

Loss of tumor-derived TSLP decreases tumor progression {#s0002-0001}
------------------------------------------------------

To test our hypothesis that TSLP alters AM function to enhance metastasis, we used the 4T1 mammary tumor model that produces high levels of TSLP and metastasizes to the lung.[@cit0030]^,^[@cit0031] Several other mammary tumor cell lines were tested for TSLP expression including AT-3, E0771 and EMT6,[@cit0032] but only 4T1 cells expressed detectable levels of TSLP (Fig. S1A). We showed that TSLP circulates systemically following orthotopic implantation ([Fig. 1A](#f0001){ref-type="fig"}), a prerequisite for its ability to act in distant sites. Serum TSLP concentration increased in direct correlation with tumor volume. While earlier studies showed that loss of TSLP in 4T1 cells decreased primary tumor growth,[@cit0030] the effect this had on metastasis remained unknown. We therefore made use of a shRNA-based loss-of-function approach to knockdown TSLP expression. Several constructs were tested and all successfully reduced TSLP expression relative to the vector control (VC) population (Fig. S1B). We randomly selected the 4T1 population that expressed construct ID v2MM_53644, which maintained low expression levels of TSLP and grew efficiently *in vitro*. To ensure stability of the phenotype, we generated multiple clones and confirmed TSLP knockdown by mRNA expression of two separate clones ([Fig. 1B](#f0001){ref-type="fig"} and Fig. S1C). We also confirmed TSLP loss in both clones at the protein level ([Fig. 1C](#f0001){ref-type="fig"} and Fig. S1D). Figure 1.Knockdown of TSLP reduces primary tumor growth and spontaneous metastasis. (A) Serum TSLP concentration as measured by ELISA in 4T1 tumor-bearing BALB/c mice (n = 11) reflecting varying tumor volumes. Data analyzed by Spearman correlation. (B) TSLP expression as measured by qRT-PCR analysis. Data normalized to the housekeeping gene GAPDH and 4T1-VC group set to 1.0 to determine relative expression of the 4T1-KD group (silenced with construct ID v2MM_53644; clone 1). (C) TSLP concentration in cell-free supernatants of the indicated cell lines (1 × 10^6^ cells/ml after 24 hours), as measured by ELISA. Results in B & C represent the mean ± SEM of 3 or 4 separate experiments, respectively. (D) Tumor growth of the indicated cell population in wild-type (WT) female BALB/c mice. Growth differences are significant at all time points measured (each line represents a single mouse (n = 16 4T1-KD, n = 17 4T1-VC; compilation of 3 independent experiments). (E) Spontaneous metastasis of the indicated cell populations at endpoint when primary tumor volumes between groups were comparable. Lung metastatic foci quantified using H&E-stained slides (each point represents an individual mouse; compilation of 3 independent experiments; n = 10 4T1-KD, n = 13 4T1-VC). (F) Survival post-surgical resection of the primary tumor in WT female BALB/c mice (n = 17 4T1-KD, n = 14 4T1-VC; compilation of 2 independent experiments). \**P* \< 0.05, \*\**P* \< 0.01.

Next, we examined whether TSLP-deficiency affected tumor growth *in vitro*. Altogether, no significant differences in tumor cell growth were observed between the 4T1-VC and 4T1-KD (clone 1), as measured by ^3^H-thymidine uptake, MTS assays or colony formation (Fig. S2A-C). We confirmed that these cell populations did not differ in their ability to produce G-CSF (Fig. S2D), another cytokine abundantly produced by 4T1 cells.[@cit0032] To determine whether tumor-derived TSLP levels impacted tumor growth *in vivo*, we orthotopically implanted either 4T1-KD (clone 1 or clone 2) or 4T1-VC cells into syngeneic immune competent hosts and measured tumor growth. In both cases, 4T1-KD cells grew significantly slower compared to 4T1-VC cells ([Fig. 1D](#f0001){ref-type="fig"} and Fig. S1E), which is consistent with earlier findings showing that reduced TSLP levels in 4T1 cells diminished primary tumor growth rate.[@cit0030] We further showed that 4T1 cells did not express the TSLP receptor (Fig. S2E), making it unlikely that any difference in tumor growth rate *in vivo* was due to an intrinsic effect of TSLP, but rather an extrinsic effect involving host interactions.

To determine if TSLP levels impacted spontaneous metastasis, we conducted two types of analyses, either leaving intact or surgically removing the primary tumor. In regard to the former analysis, we allowed primary tumors to grow to similar volumes in both groups of mice (Fig. S3A), and evaluated metastatic burden in the lungs. Although both groups of mice bore equivalent primary tumor sizes at endpoint, we observed significantly decreased lung metastasis in mice bearing 4T1-KD cells (clone 1 or clone 2) compared to those bearing 4T1-VC cells ([Fig. 1E](#f0001){ref-type="fig"} and Fig. S1F). We randomly selected 4T1-KD clone 1 (henceforth termed, 4T1-KD) for all subsequent experiments. Then, we orthotopically implanted both groups of tumor cells and when primary tumor size reached 150 mm[@cit0003] they were surgically removed and mice were followed for survival. Mice were carefully monitored for 70 days post-surgery. Mice bearing 4T1-KD cells displayed a significant survival advantage over those bearing 4T1-VC cells ([Fig. 1F](#f0001){ref-type="fig"}). What was even more striking was that while \>90% of mice bearing 4T1-VC cells succumbed to lung metastasis, ∼50% of mice bearing 4T1-KD cells did not develop detectable metastasis (based on histologic analysis at endpoint). These data demonstrated that tumor-derived TSLP plays a significant role in spontaneous metastasis.

Extravasation alone cannot account for differences in lung metastasis {#s0002-0002}
---------------------------------------------------------------------

To further elucidate the basis for differences in metastasis, we focused on the process of extravasation, which may have affected the numbers of tumor cells successfully reaching the lung. To address this, we utilized an experimental lung metastasis approach, whereby tumor cells are injected into the bloodstream, bypassing steps such as extravasation from the primary tumor site. We observed significant decreases in lung tumor growth in mice receiving 4T1-KD cells compared to those receiving 4T1-VC cells ([Fig. 2A](#f0002){ref-type="fig"} and [B](#f0002){ref-type="fig"}), which was consistent with our earlier findings ([Fig. 1E](#f0001){ref-type="fig"} and Fig. S1F). Figure 2.The pro-metastatic effects of TSLP are not due solely to differences in extravasation. In all panels, WT female BALB/c mice were injected intravenously with the indicated cell population (5 × 10^4^cells/mouse). Mice were euthanized when the 4T1-VC group showed signs of morbidity, typically 26--30 days post-injection. (A) Images post-India ink staining of tumor-bearing lungs, with data quantified in (B) (each point represents an individual mouse; compilation of 3 independent experiments; n = 12 4T1-KD, n = 11 4T1-VC). (C) RT-PCR analysis (top) and quantification (bottom) of AH1 expression in the lungs of non-tumor-bearing (NTB; n = 2) or the indicated tumor-bearing mice 2--3 days post-tumor injection. (D) RT-PCR (top) and quantification (bottom) of TSLP expression of tumor cells propagated ex vivo from the lungs of the indicated tumor-bearing mice. In C and D, each lane represents an individual mouse (n = 4--5 mice per group). \**P* \< 0.05; \*\**P* \< 0.01; ns, *P* = 0.68.

To exclude the possibility that differences in lung tumor growth reflected differences in lung infiltration, we quantified AH1 expression in the lungs of tumor-bearing mice at early time points (2--3 days) post-inoculation. AH1 (gp70) is a tumor antigen that is expressed by 4T1 and other mouse tumor cell lines, but not normal lung tissue,[@cit0035] thus serving as a surrogate marker of lung tumor infiltration. As expected, we observed no detectable AH1 expression in the lungs of non-tumor bearing mice. In contrast, AH1 expression was detectable in both groups of tumor-bearing mice and was similar at such early time points ([Fig. 2C](#f0002){ref-type="fig"}). Finally, to ensure that the cells maintained their TSLP expression patterns *in vivo*, we collected lungs from tumor-bearing mice at endpoint and cultured single cell suspensions under selection with 6-thioguanine, an agent to which 4T1 has intrinsic resistance,[@cit0031] eliminating all cells in the lung except tumor cells. The resulting populations were analyzed for TSLP expression. We found that both tumor populations retained their expected TSLP expression profiles in that 4T1-KD cells expressed significantly lower levels of TSLP compared to 4T1-VC cells, suggesting that tumor expression of TSLP was stable throughout the course of tumor growth ([Fig. 2D](#f0002){ref-type="fig"}). Overall, these data suggested that TSLP-mediated effects on lung tumor growth are likely due to interactions with the host, particularly within the lung microenvironment.

TSLP exerts its effects on metastasis independent of adaptive immunity {#s0002-0003}
----------------------------------------------------------------------

To better unravel the mechanisms by which TSLP influences metastasis, particularly the involvement of the adaptive immune system, we performed tumor growth experiments in immune-deficient (SCID) mice. This was based on earlier findings that implicated the CD4^+^ T cell response, likely the T~h~2 subtype, in the mechanism by which TSLP enhanced primary tumor growth.[@cit0024]^,^[@cit0025]^,^[@cit0030] Consistent with that finding, we observed that primary tumor growth rates of both TSLP-expressing and TSLP-deficient cells were comparable in SCID mice ([Fig. 3A](#f0003){ref-type="fig"}). Thus, these data supported the notion that TSLP-mediated effects on primary tumor growth were dependent upon adaptive immune responses ([Fig. 1D](#f0001){ref-type="fig"} and [Fig. 3A](#f0003){ref-type="fig"}). We confirmed the importance of CD4^+^ T cells using an anti-CD4-depletion strategy, which increased the growth of 4T1-KD cells to levels similar to that seen with 4T1-VC cells (Fig. S3B). Figure 3.TSLP-mediated effects on metastasis are independent of the adaptive immune system. (A) Primary tumor growth of the indicated cell population in SCID mice, as in [Fig. 1](#f0001){ref-type="fig"} (n = 15 per group). (B) Quantification of spontaneous lung metastasis of the indicated cell population at endpoint tumor volumes in A (n = 15 per group). (C) Experimental lung metastasis in SCID mice, as in [Fig. 2](#f0002){ref-type="fig"} (n = 9-10 per group). (D and E) Similar to A and B, except that tumor growth studies were performed in athymic mice (n = 9-10 per group). Each line or data point represents results from an individual mouse; compilation of 2 independent experiments in all panels. \*\**P* \< 0.01; \*\*\**P* \< 0.001; ns, *P* \> 0.1.

To determine whether immune status impacted metastasis, lungs were histologically analyzed at endpoint when tumor volumes remained similar. Interestingly, we still observed a significant difference in metastasis between the two tumor-bearing groups ([Fig. 3B](#f0003){ref-type="fig"}), similar to immune competent mice ([Fig. 1E](#f0001){ref-type="fig"}). To determine whether differences in extravasation from the primary tumor site accounted for differences in metastasis, we injected tumors intravenously in SCID mice and quantified lung tumor foci at endpoint. As with immune competent hosts ([Fig. 2B](#f0002){ref-type="fig"}), the differences in lung tumor growth were maintained ([Fig. 3C](#f0003){ref-type="fig"}). These experiments were then extended to a second immune-deficient mouse model; i.e., the athymic mouse model. As with SCID mice, we observed no overall significant difference in primary tumor growth between the two different tumor populations, but still observed significant differences in metastasis at endpoint ([Fig. 3D](#f0003){ref-type="fig"} and [E](#f0003){ref-type="fig"}). Taken together, these data suggest that tumor-derived TSLP exerts its effects on primary tumor growth via its action on CD4^+^ T cells, and its effects on metastasis and colonization are independent of cellular elements of the adaptive immune system but, perhaps, depend upon components of the innate immune response.

Next, we sought to extend the relationship between TSLP and metastasis using a second tumor model. To that end, we identified a second tumor cell line that produces TSLP known as KCMH-1, a squamous cell carcinoma.[@cit0036] As with 4T1 cells, we silenced TSLP expression in KCMH-1 cells and then evaluated differences in tumor growth using the experimental lung metastasis approach in SCID hosts (Fig. S4). First, we showed that KCMH-1 cells, silenced with the same TSLP-shRNA construct used in 4T1 cells ([Fig. 1](#f0001){ref-type="fig"}), did not express detectable levels of TSLP compared to the TSLP-expressing population (Fig. S4A). Second, we showed that the loss of TSLP did not alter tumor cell growth *in vitro* or tumor cell growth *in vivo* (Fig. S4B and S4C), which was similar to that seen with the 4T1 model. Third, since this model is not as well-characterized as 4T1, we sought to evaluate differences in lung tumor burden at varying input tumor cell concentrations. In doing so, we observed a consistent pattern of diminished lung tumor burden at all three inoculum concentrations in mice bearing the TSLP-deficient population compared to the TSLP-expressing population (Fig. S4D). This analysis is consistent with the notion that increased levels of TSLP enhance tumor growth in the metastatic microenvironment and strengthen our findings in the 4T1 model regarding the novel relationship between TSLP and metastasis.

TSLP mediates its effects on metastasis through an AM-dependent mechanism {#s0002-0004}
-------------------------------------------------------------------------

Based on the notion that TSLP exerts its effects on metastasis via innate immune responses and that TSLP has been shown to alter macrophage responses in the lung in non-cancer models,[@cit0028] we next investigated whether TSLP acted through macrophages to enhance metastasis in our models. We therefore employed a well-established pharmacologic approach to deplete macrophages utilizing clodronate liposomes. Several groups have shown route-specific depletion effects: while intraperitoneal administration of clodronate liposomes effectively eliminates monocyte-derived inflammatory macrophages (IMs),[@cit0037] intranasal administration of this agent depletes the AM compartment.[@cit0038]^,^[@cit0039] Because TSLP has been strongly linked to the lung microenvironment,[@cit0040]^,^[@cit0041] we hypothesized that TSLP would have profound effects on AMs, but nonetheless performed depletions in both compartments. We chose the experimental lung metastasis approach to test this hypothesis in an effort to focus specifically on actions within the lung microenvironment.

We demonstrated that intranasal clodronate administration had a profound effect on lung tumor burden of mice receiving 4T-VC cells, and importantly, reduced their growth to an extent comparable to that of 4T1-KD cells ([Fig. 4A](#f0004){ref-type="fig"}). Clodronate treatment had no significant effect on reducing lung tumor burden in mice receiving 4T1-KD cells. To confirm that this treatment selectively depleted AMs, but not IMs, we performed flow cytometric analysis in tumor-bearing mice at endpoint. Our data showed that intranasal clodronate treatment significantly reduced the frequency of AMs, as defined by the phenotype CD45^+^CD11b^lo/-^ CD11c^+^F4/80^+^, but had no significant effect on IMs, as defined by the phenotype CD45^+^CD11b^+^F4/80^+^ ([Fig. 4B](#f0004){ref-type="fig"} and [C](#f0004){ref-type="fig"}). Figure 4.TSLP exerts its pro-metastatic effects via alveolar macrophages. (A) The indicated tumor cell population was injected intravenously into BALB/c mice (n = 14-15 per group; compilation of 3 independent experiments) as in [Fig. 2](#f0002){ref-type="fig"}, and then administered either clodronate (indicated by "+") or control liposomes (indicated by "-") via an intranasal route as described in the Materials and Methods. VC+ vs KD+, P = 0.06; KD+ vs. KD-, P = 0.08. (B) Quantification of AM or IMs (mean ± SEM of 3 separate mice per condition), based on the flow gating strategy (C) at endpoint. AMs were first gated on CD45^+^ cells, followed by gating on CD11b^lo/−^ cells and then CD11c^+^F4/80^+^ cells. IMs were first gated on CD45^+^ cells, followed by gating on CD11b^+^F4/80^+^ cells. ns, P \> 0.07 for all comparisons. (D) Similar to A, except that clodronate or control liposomes were delivered intraperitoneally into mice (n = 9-10 mice per group; compilation of 2 independent experiments). VC+ vs. VC-, P = 0.08. (E) Quantification of macrophages in the spleen (ns, *P* = 0.51) or peripheral blood (mean ± SEM of 4--5 mice per condition; ns, *P* = 0.11) based on the flow gating strategy in Supplemental Figure 5. \**P* \< 0.05; \*\**P* \< 0.01; ns, not significant.

We extended these studies to intraperitoneal administration of clodronate to determine if depletion of IMs impacted lung tumor burden. In contrast to the intranasal route, intraperitoneal clodronate treatment did not reduce lung tumor burden in mice receiving 4T1-VC cells relative to administration with control liposomes ([Fig. 4D](#f0004){ref-type="fig"}). We confirmed that this route systemically depleted macrophages, such as in the spleen (i.e., CD11b^+^F4/80^+^) and circulation (i.e., CD11b^+^CD115^+^Ly6C^+^) ([Fig. 4E](#f0004){ref-type="fig"}; Fig. S5A and S5B). To further demonstrate that IMs were not involved in affecting lung tumor burden, we utilized anti-CCL2 or anti-CSF-1 antibodies, as previously reported.[@cit0006]^,^[@cit0008] However, in our models, neither of these agents had any significant effect on reducing tumor burden (data not shown), strengthening our conclusion that TSLP does not mediate its effects via IMs. Thus, our data are consistent with the hypothesis that AMs play important roles during TSLP-mediated mechanisms of metastasis, but not necessarily the entire metastatic outcome as 4T1-KD cells still formed lung tumor foci with or without AM depletion. This specific or selective role for AMs in TSLP-mediated metastasis is supported by our observations that IMs remained present and were unaffected after clodronate treatment ([Fig. 4B](#f0004){ref-type="fig"}).

Lastly, to further address the specific or selective involvement of AMs compared to other myeloid populations, we analyzed tumor-bearing mice for the accumulation of myeloid-derived suppressor cells (MDSCs), another pro-tumor myeloid population strongly induced in the 4T1 tumor model.[@cit0032]^,^[@cit0042] To that end, we analyzed both the peripheral blood and lungs of tumor-bearing mice at experimental endpoint for the two major MDSC subsets, monocytic (M-MDSC) or polymorphonuclear (PMN-MDSC). Analysis was performed based on the following canonical marker phenotypes: M-MDSCs, CD11b^+^Ly6C^hi^Ly6G^−^; and PMN-MDSCs, CD11b^+^Ly6C^lo^ Ly6G^+^.[@cit0042] In lung tissue, the CD45 marker was also included to distinguish hematopoietic from non-hematopoietic cell types. We observed no significant change in M-MDSC frequency in the peripheral blood or lungs of 4T1-VC or 4T1-KD tumor-bearing mice compared to the NTB controls (Fig. S3C and S3D). The most significant change was observed by PMN-MDSCs (as we and others have reported in the 4T1 model[@cit0032]^,^[@cit0043]) in the peripheral blood and lungs, wherein both the 4T1-VC and 4T1-KD tumor-bearing mice displayed substantial increases in the frequencies of these cells compared to the NTB controls (Fig. S3C and S3D). Importantly, there was no significant difference in PMN-MDSC accumulation in mice bearing 4T1-VC vs. 4T1-KD tumors in either the blood or lungs. These data suggest that altering tumor-derived TSLP levels did not impede MDSC production, particularly the PMN-MDSC subset, and that the differences in metastasis could not be correlated to MDSC burden. Altogether, these data strengthen the hypothesis that TSLP mediates its effects on lung tumor growth via alterations in AM biology.

TSLP alters the invasive/angiogenic gene signature of AMs {#s0002-0005}
---------------------------------------------------------

Upon discovering that depletion of AMs reduced the growth of TSLP-expressing tumor cells in the lung, we sought to address in what ways TSLP was changing the biology of these cells. We hypothesized that VEGF-A may be differentially regulated in settings of high versus low TSLP. VEGF-A has been extensively studied as a pro-metastatic cytokine produced by macrophages that acts independent of immune suppressive mechanisms.[@cit0019]^,^[@cit0044]^,^[@cit0045] In these studies, a co-culture system was established in which we combined AMs from naïve mice with tumor cells, either 4T1-KD or 4T1-VC, in a contact-independent transwell system and RNA was extracted from the AMs for qRT-PCR analysis ([Fig. 5A](#f0005){ref-type="fig"}). This allowed for exchange of tumor-derived cytokines, including TSLP, while separating macrophages from tumor cells. Additionally, to demonstrate that any observed effect on gene expression was due specifically to TSLP levels, we added recombinant TSLP to separate wells of the AM/4T1-KD co-culture system. Our results demonstrated that VEGF-A expression in AMs increased significantly in settings of high vs. low TSLP. Moreover, the addition of recombinant TSLP to AM/4T1-KD co-cultures restored the expression of VEGF-A to the level seen with AM/4T1-VC co-cultures ([Fig. 5B](#f0005){ref-type="fig"}). Figure 5.VEGF-A is differentially expressed in AMs in vivo in response to TSLP^hi^ vs. TSLP^lo^ tumor settings. (A) Strategy shown for the experimental design and RNA sample selection for panel B. (B) VEGF-A expression as measured by qRT-PCR analysis. 100 ng/mL recombinant TSLP was added to the AM/4T1-KD co-culture system and gene expression was quantified. (C) VEGF-A expression of AMs in vivo collected from the indicated tumor-bearing mice at 7 (left), 14 (middle) or 28 (right) days post-intravenous injection. For B and C, data were normalized to the housekeeping gene GAPDH. Then one 4T1-VC sample in panel B (n = 3 biologic replicates) or one 4T1-VC sample from each time point in panel C was set to 1.0 to determine the relative expression of the other samples. Panel C represents a total of 9 separate mice per tumor-bearing group, covering the 3 distinct time points shown. Therefore, at each time point, 3 separate mice from each cohort were analyzed, and for each mouse, 3--4 technical replicates were collected. Results represent the mean ± SEM of all replicates for each tumor-bearing group at each time point. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; ns, *P* \> 0.1.

We next sought to determine if VEGF-A expression in AMs was differently regulated *in vivo* in response to the different TSLP-expressing tumors. We injected 4T1-VC or 4T1-KD cells intravenously to establish tumor growth in the lung and extracted AMs from these mice at 7, 14 or 28 days post injection. While VEGF-A was not differentially regulated at 7 days regardless of tumor TSLP levels, there was significantly decreased VEGF-A expression in AMs of mice that received 4T1-KD cells compared to mice that received 4T1-VC cells 14 days post-tumor injection, which was maintained at endpoint ([Fig. 5C](#f0005){ref-type="fig"}).

Based on the finding that TSLP altered VEGF-A expression in AMs, we sought to determine whether there was a more global change in the invasive/angiogenic gene signature of these macrophages. Moreover, a major immune system-independent mechanism by which macrophages enhance metastasis is via tissue remodeling and angiogenesis.[@cit0044] We therefore utilized a PCR Array system focused on this particular gene profile. This experiment was conducted using the co-culture system as in [Figure 5](#f0005){ref-type="fig"} to identify genes that were differentially regulated in settings of high vs. low tumor-derived TSLP. In both arrays, about 30% of the 84 genes tested were modulated in settings of high vs. low tumor-derived TSLP ([Fig. 6A](#f0006){ref-type="fig"} and [B](#f0006){ref-type="fig"}). Of those genes, 26 were similarly upregulated between the biologic replicates when AMs were co-cultured with 4T1-VC cells compared to 4T1-KD cells ([Fig. 6B](#f0006){ref-type="fig"}), and five genes were *highly* upregulated. Interestingly, these five upregulated genes have been shown to enhance metastasis in various tissue models[@cit0045]: VEGF-A, MMP9, CXCL5, PDGF-A and CTGF. VEGF-A, PDGF-A and CTGF are associated with increasing vascular supply to tumors to support their metastatic seeding and growth.[@cit0046] MMP9 is known to promote tissue remodeling, which is essential for the invasion of normal tissue by tumor cells.[@cit0049] CXCL5 is a chemoattractant for CXCR2-expressing cells, namely neutrophils and MDSCs, which have been shown to promote tumor progression.[@cit0050]^,^[@cit0051] Figure 6.TSLP alters the tissue remodeling and angiogenesis pathways in AMs. AM/tumor co-cultures were utilized for all panels; strategy for the experimental design and RNA sample selection shown in [Fig. 5A](#f0005){ref-type="fig"}. (A) Heat-map of differential gene expression between AMs co-cultured with either 4T1-VC or 4T1-KD cells in two independent biologic experiments. Data shown highlight the genes most highly upregulated (red) or downregulated (green) (by 4.66-fold) for the two biologic replicates. (B) Data summarizes the number of differentially regulated genes (\>2-fold, up or down) in 4T1-VC vs. 4T1-KD cells among the 84 total genes analyzed in this format. (C, left; D) Selected genes in A were validated by qRT-PCR analysis using the same RNA employed for the expression array. Data were normalized to the housekeeping gene GAPDH, and the 4T1-VC group set to 1.0 to determine relative expression of the 4T1-KD group. (C, right) VEGF-A protein levels as measured by ELISA. For data in C and D, the results represent the mean ± SEM of all replicates (n = 4/experiment or 8 total for the ELISA; n = 3--4/experiment or 6--8 total for the qRT-PCR) covering the two independent biologic experiments performed at different times. (E) The indicated tumor cell population was implanted orthotopically into mice (n = 3--5 per group), and the lungs were collected at endpoint for analysis by immunohistochemistry for CD31 expression. Left, Representative photomicrographs of CD31-immunostained metastatic lesions of mice bearing the indicated tumor cell population (20X magnification; scale bar represents 100-μm). Right, Quantification of microvessel density, as described in the Methods section. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.

We validated the expression of these five genes, and indeed found them to be highly expressed in AMs after exposure to 4T1-VC cells compared to 4T1-KD cells ([Fig. 6C](#f0006){ref-type="fig"}, left; [Fig. 6D](#f0006){ref-type="fig"}). To confirm that differences in gene expression translated to differences in protein levels, we measured VEGF-A levels and showed that AMs co-cultured with 4T1-KD cells secreted significantly less VEGF-A compared to AMs co-cultured with 4T1-VC cells ([Fig. 6C, right](#f0006){ref-type="fig"}). Interestingly, such gene differences were not observed with co-cultures of tumor cells and bone marrow-derived macrophages, which are representative of IMs (Fig. S6A-D). The finding that bone marrow-derived macrophages did not respond in the same way as AMs in this *in vitro* co-culture system was unlikely due to the absence of the TSLP receptor, as both macrophage sources expressed it (Fig. S2E and Fig. S7). This, together with our data that depleting IMs did not impact lung tumor burden, suggests that the effect of TSLP is specific to macrophages of the lung microenvironment.

To assess functional changes in the lung, such as angiogenesis in response to tumor-derived TSLP, we sought to quantify CD31^+^ microvessel density in mice bearing either 4T1-VC or 4T1-KD tumor cells. We orthotopically implanted tumor cells and measured CD31 expression by immunohistochemistry within the metastatic lesions. [Figure 6E](#f0006){ref-type="fig"} shows photomicrographs of CD31-immunostained lung sections from such tumor-bearing mice. Lung sections from 4T1-VC tumor-bearing mice showed a large number of CD31^+^ endothelial cell clusters distributed within the metastases. In comparison, lung metastases from 4T1-KD tumor-bearing mice showed fewer vessels. Quantitative analysis revealed a statistically significant lower microvessel density in lung metastases of mice bearing 4T1-KD tumor cells compared to those bearing 4T1-VC tumor cells ([Fig. 6E](#f0006){ref-type="fig"}), consistent with the pattern of VEGF-A expression. Overall, these data are consistent with the hypothesis that TSLP enhances metastasis by increasing tissue remodeling and angiogenic genes in AMs.

Discussion {#s0003}
==========

Understanding mechanisms of tumor progression to metastasis are critical to the development of prognostic or therapeutic targets. Inhibition of T cell-mediated immunity and mobilization of pro-tumorigenic macrophages represent major determinants of metastatic potential.[@cit0045] There are two major sources of pro-tumorigenic macrophages: bone-marrow-derived, which are recruited via the circulation, or tissue-resident, which dwell within the local tissue/organ environment. The vast majority of studies devoted to macrophage-tumor biology, however, have focused on the former population, broadly termed tumor-associated macrophages (TAMs). Less is known regarding the influence of tissue-resident macrophages; yet, a few studies have documented pro-tumor TAM-like activities.[@cit0020]^,^[@cit0021] Thus, more work is needed to fully appreciate the relevance of tissue-resident macrophages to metastasis, particularly since this population already inhabits potential metastatic microenvironments at the time of primary neoplastic growth. We hypothesize that under such circumstances, TDFs travel systemically from the primary site to distal tissues/organs, 'conditioning' such resident macrophage populations to support the metastatic process.

The goals of this study were two-fold: *1)* to further investigate mechanisms of tumor metastasis, with emphasis on the understudied TDF, TSLP; and *2)* to determine the role of tissue-resident macrophages, particularly AMs, in this mechanism. We focused on AMs based on the rationale that TSLP contributes to various lung disorders[@cit0028]^,^[@cit0040] and that the 4T1 model proficiently metastasizes to the lung.[@cit0031] Our data demonstrate that: *i)* tumor-derived TSLP enhances lung metastasis in multiple settings, including those with or without surgical removal of the primary tumor or bypassing the primary tumor altogether using an experimental metastasis model; *ii)* tumor-derived TSLP mediates these pro-metastatic effects in the absence of the adaptive immune system, as determined using SCID or athymic hosts, thus precluding immune suppression as a mechanistic basis; *iii)* elements of the innate immune system, namely tissue-resident AMs, play important roles in mediating the pro-metastatic effects of TSLP; and *iv)* TSLP alters the angiogenic/tissue remodeling profile of the AMs, supporting the hypothesis that AMs modified by TSLP enhance their pro-metastatic activities. Thus, this work identifies a novel TSLP-macrophage axis in cancer biology.

Importantly, the 4T1 model was selected based on the rationale that it produces high levels of TSLP and metastasizes proficiently to the lung.[@cit0030]^,^[@cit0031] Earlier work used this model to reveal the pro-tumorigenic actions of TSLP in primary tumor growth and the dependence of the CD4^+^ T cell response on that outcome.[@cit0024]^,^[@cit0030] We confirmed this finding, showing that tumor-derived TSLP accelerates primary tumor growth in immune competent, but not in CD4^+^ T cell-deficient hosts. What remained unclear was the impact of tumor-derived TSLP on metastasis and the cellular basis underlying that outcome. Here, we expanded on the role of this understudied TDF in the neoplastic process and demonstrated an unrecognized influence on metastasis. Thus, this is the first description of a mechanism by which TSLP enhances metastasis and via alterations in AM biology. Why one tumor site is T cell-dependent, while another site T cell-independent is not clear, but may reflect in part the complexity and nature of the tissue-specific microenvironment.

Our data support the hypothesis that differences in metastatic phenotype reflected differences in TSLP expression and its impact on the host, based on the observations that both TSLP-expressing and -deficient 4T1 populations: *i)* proliferated similarly *in vitro* and *in vivo* in immune-deficient or CD4^+^ T cell-depleted hosts; *ii)* accumulated similarly in the lungs early after intravenous injection; *iii)* did not express detectable levels of cell surface TSLP receptor; *iv)* influenced AM biology in a distinctive manner, resulting in a tissue remodeling/angiogenic gene expression profile that aligned with the corresponding metastatic phenotype, including VEGF-A, a well-recognized pro-tumorigenic factor; and *v)* induced similar levels of VEGF-A expression upon the addition of recombinant TSLP to the AM/4T1-KD co-culture system.

To demonstrate a role for AMs in TSLP-driven metastasis, we depleted this macrophage population using clodronate liposomes delivered intranasally, which led to significantly reduced lung tumor burden. In contrast, depletion of AMs had no significant effect on lung tumor burden in settings of low tumor TSLP (i.e., 4T1-KD cells), demonstrating that TSLP influences tumor growth by engaging AMs. It is important to point out that 4T1-KD cells still formed some metastatic foci, consistent with TSLP-independent mechanisms of tumor survival, growth or colonization. In contrast, systemic administration of clodronate, which led to significantly less IMs, did not reduce 4T1-VC lung tumor burden, further supporting a role for AMs in this mechanism. It is also important to point out that these studies made use of the experimental metastasis approach to focus specifically on interactions within the lung microenvironment. Efforts to extend this analysis to a post-surgical setting, however, were met with technical challenges, as mice were unable to survive the treatment. Therefore, further studies are needed to examine the effect of AM depletion in settings of spontaneous metastasis. Moreover, we showed that MDSCs were still generated, regardless of tumor-derived TSLP levels, and did not correlate with metastatic outcome, thereby strengthening the hypothesis that TSLP influenced metastasis via an AM-dependent mechanism.

We have also identified novel changes in macrophage biology, namely AMs but not IMs in response to TSLP. Our data demonstrate that in response to tumor-derived TSLP, AMs upregulated a number of genes involved in tissue remodeling and angiogenesis. Although it remains to be investigated in detail what genes are causally responsible, it is well-appreciated that macrophage products such as VEGF-A and MMP9 play significant roles in the metastatic process.[@cit0048]^,^[@cit0049] In accord with this concept, we showed that the CD31^+^ microvessel density within the metastatic lung lesions of mice bearing 4T1-KD cells was significantly lower compared to those bearing 4T1-VC cells, supporting a relationship between angiogenesis and tumor-derived TSLP levels. Additional studies are warranted, however, to further investigate in detail this potential tumor-derived TSLP-endothelial cell axis; for example, by determining the impact of AM depletion on CD31 expression in mice bearing 4T1-VC vs. 4T1-KD tumors. Moreover, while we identified TSLP as a major player in this process, it is unclear which TDFs act in concert with TSLP to exert these effects, as TSLP alone has not been shown to be a 'polarizing' factor for macrophage functionality[@cit0052]; thus, more detailed studies are needed. Additionally, it remains to be fully understood what signaling mechanisms underlie the changes in AM behavior; therefore, future studies are necessary to focus on additional elements of the TSLP-TSLP receptor axis and the downstream events ensuing TSLP receptor engagement.

Altogether, these data suggest that TSLP plays a key role in lung metastatic outcome via its action on AMs in the lung microenvironment. It is also possible that TSLP may redirect metastasis to other sites beside the lung, including metastasis to lymph nodes, which warrant further investigation. This is consistent with a study in human gastric carcinoma,[@cit0053] which showed a significant relationship between TSLP overexpression and metastasis to lymph nodes. Thus, from a conceptual standpoint, our work may have broader implications in cancer types, independent of their origin, that overproduce TSLP. Our findings provide a rationale to explore novel therapeutic targets and support the concept of localized administration of therapeutics to common metastatic sites such as the lung. Interestingly, anti-TSLP therapies are already being examined in clinical trials in asthma, where patients are receiving inhaled anti-TSLP blocking antibodies.[@cit0054] Thus, while more work is required to determine if this is a feasible approach in cancer models, our data suggest that this may be an appropriate line of investigation in cancer types that produce TSLP.[@cit0024]^,^[@cit0025]^,^[@cit0053] Additionally, several studies are focused on targeting macrophages or their products in cancer. Our data supports this concept and suggests that locally depleting or altering the activities of tissue-resident macrophages in metastatic microenvironments may also represent viable modalities. In summary, our work identifies a novel tumor TSLP-macrophage axis that contributes to metastatic potential and could shed light on novel approaches to cancer therapy.

Materials and methods {#s0004}
=====================

Mice: Female BALB/c (BALB/c; H-2^d^) and athymic (nude; *nu/nu*) mice were obtained from Charles River (Frederick, MD). Female SCID mice (C.B IgH-1b/Cr) were obtained from the Animal Breeding Facility at Roswell Park Cancer Institute (Buffalo, NY). All animal studies were approved and performed under Institutional Animal Care and Use Committee (IACUC) protocols 1117M and 1108M.

Tumor cell lines: The 4T1 cell line was obtained from ATCC (Manassas, VA) and maintained as described.[@cit0055] The KCMH-1 cell line was kindly provided by Dr. Noriyasu Hirasawa at Tohoku University in Japan and maintained as described.[@cit0036] To modify TSLP levels produced by 4T1 and KCMH-1 cells, we used shRNA methodology to silence TSLP expression using a pSM2 retrovirus system (GE Dharmacon, Lafayette, CO) expressing different shRNA-TSLP constructs or an empty vector control (VC) (sequences in Supplemental Table 1). Transductions were performed by the RPCI shRNA Shared Resource. The efficiency of knockdown was measured at RNA and protein levels, as described below, and stably persisted *in vitro* under puromycin selection (3µg/ml). Based on the efficiency of knockdown in pilot experiments, we selected 4T1 and KCMH-1 cells transduced with construct ID v2MM_53644. To ensure stable knockdown for the multiple experiments involving 4T1 cells, single cell clones were established expressing this construct, termed 4T1-KD clone 1 (henceforth, 4T1-KD) or 4T1-KD clone 2. Cell lines were maintained *in vitro* for one month and fresh aliquots were obtained from a cryopreserved source of similar lot number. Tumor TSLP levels were verified prior to use. Cell lines were tested for mycoplasma by PCR and mycoplasma-negative tumor cells were used in all experiments.

Tumor growth experiments: 5 × 10^4^ 4T1 cells were implanted orthotopically into mammary gland \#4 of syngeneic female mice or intravenously injected via the tail vein at 8--12 weeks of age. Primary 4T1 tumor growth was measured as described.[@cit0055] Surgical removal of the primary tumor was performed when tumor volume reached ∼150 mm,[@cit0003] as described.[@cit0056] For the KCMH-1 model, 2 × 10^5^ cells were implanted subcutaneously in the flank; while 5 × 10^4^, 1 × 10^5^ or 2 × 10^5^ cells were injected via tail vein, as with the 4T1 model. In all tumor settings, mice were euthanized when primary tumor size reached ethical limits (2,000 mm[@cit0003]) or when mice were moribund. Experimental design for CD4 depletion (clone GK1.5, BioXCell, West Lebanon, NH) is described in Supplemental Figure 4.

Macrophage depletion: For macrophage depletion, we made use of clodronate or control liposomes (Formumax, Sunnyvale, CA) which were delivered via two different routes, as described, [@cit0020]: 100µl intraperitoneally for systemic depletion or 60 µl intranasally for local (lung) depletion twice before tumor inoculation (as a pre-depletion) and then twice weekly throughout the course of tumor growth, totaling ∼10 injections.

*In vitro* growth assays: Three types of assays were performed to quantify effects of TSLP knockdown on tumor survival/proliferation *in vitro*: ^3^H-thymidine incorporation, MTS colorimetric assay and colony formation. Experimental assays are described in detail in Supplemental Figure 2.

ELISA: Tumor cells (1 × 10^6^/ml) were plated overnight and cell-free supernatants were collected. Blood was collected from mice either by retro-orbital eye bleed or cardiac puncture at endpoint. Serum was collected following centrifugation. Protein levels were measured using an ELISA kit for TSLP, VEGF-A (both eBioscience, San Diego, CA) or G-CSF (RayBiotech, Norcross, GA).

RNA analyses: Total RNA was isolated via RNA extraction kit (Qiagen, Valencia, CA). RNA was converted to cDNA by iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) and used for PCR amplification using specific primer sets. PCR products were run on a 2% agarose gel stained with Red Safe (FroggaBio, Ontario, CA), visualized under UV light using a Bio-Rad Gel-doc system and the data quantified using ImageJ 1.50i software. Quantitative RT-PCR was performed using a Bio-Rad DNA engine real-time PCR system. SYBR-Green (Life-Technologies, Carlsbad, CA) was used as the dye for quantification. Data were quantified using the formula-fold change = 2−ΔΔCt. All results were reported as the ratio of the specific mRNA signal normalized to the housekeeping gene, GAPDH. PCR Array was performed utilizing the specified protocol of the Mouse Angiogenesis Kit (Qiagen, Valencia, CA). Mouse primer sequences are listed in Supplemental Table 1.

Macrophage studies: AMs were collected via bronchioalveolar lavage in 6 ml 1% BSA in PBS with 0.1% EDTA. Generation of bone marrow-derived macrophages is described in Supplemental Figure 6. Macrophages were co-cultured with tumor cells at a 1:1 ratio in a contact-independent transwell (6.5 mm Transwell with 8.0 µm pore polycarbonate membrane insert, Corning, Corning, NY). After 24 hours, RNA was extracted, as described earlier.

Histology: 4-μm sections were cut from formalin-fixed, paraffin-embedded tissues. Specimens were stained with H&E for histologic analyses. When tumor cells were administered intravenously, postmortem lungs were inflated with 15% India ink solution and preserved in Fekete\'s solution, as described.[@cit0035] Tumors were counted using a dissection microscope.

CD31 immunohistochemistry: 4-μm sections were cut from formalin-fixed, paraffin-embedded lung tissues, placed on charged slides, and dried at 60°C for one hour. Slides were cooled to room temperature and placed onto the Dako Omnis Autostainer (Agilent Technologies, Santa Clara, CA), wherein they were de-paraffinized with Clearify (CACLEGAL; American MasterTech, Lodi, CA). Flex Target Retrieval Solution, High pH (Dako) was added for 30 minutes for target retrieval. Slides were then incubated with rat anti-mouse CD31 antibody (DIA-310, clone SZ31, which works in formalin-fixed, paraffin-embedded tissues; Dianova, Hamburg, Germany) at 1/30 dilution for 40 minutes. Rabbit anti-rat IgG (Abcam, Cambridge, MA) was applied for 30 minutes, followed by Rabbit Envision (Dako) for 30 minutes. DAB (Dako) was applied for 5 minutes for visualization, and the slides were counterstained with hematoxylin. Slides were scanned and digitized using the Scanscope XT system (Aperio Technologies, Vista, CA). Digital images were captured using ImageScope software (Aperio). For each lung section, CD31^+^ endothelial clusters within metastatic lesions were counted on multiple fields at 20X magnification and reported as microvessel density (i.e., number of vessels per 20X field). Three to 5 mice/group were evaluated, totaling 10--17 fields quantified/group.

Flow Cytometry: Cells were analyzed utilizing a BD LSRFortessa cytometer running Diva version 6.1.3 and FCS Express version 4. Directly conjugated antibodies included those reactive against: CD11b (M1/70, BioLegend), CD11c (N418, BioLegend), CD45.2 (104, eBioscience), F4/80 (BM8, BioLegend), TSLPR (polyclonal, R&D Systems), CD16/32 (93, eBioscience), Gr-1 (RB6-8C5, BD Biosciences), Ly6G (1A8, BD Biosciences) or Ly6C (AL-21, BD Biosciences).

Statistical analyses: For comparisons between control and experimental groups, data were expressed as the mean ± SEM for the indicated number of replicates or mice. Statistical analysis was determined using two-tailed unpaired *t*-tests, log-rank test for survival, linear regression for analysis where varying tumor doses were used, and Mann-Whitney for metastatic counts. *P*-values \< 0.05 were considered significant. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.
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